BACKGROUND: Observational studies suggest that some patients meeting criteria for ARDS no longer fulfill the oxygenation criterion early in the course of their illness. This subphenotype of rapidly improving ARDS has not been well characterized. We attempted to assess the prevalence, characteristics, and outcomes of rapidly improving ARDS and to identify which variables are useful to predict it.
ARDS is a common and highly morbid condition in the ICU. 1 Although there has been progress in supportive care of patients with ARDS, [2] [3] [4] no targeted pharmacologic intervention has been proven beneficial. 5, 6 The failure of clinical trials exploring pharmacologic therapies for ARDS has been attributed to the substantial heterogeneity of this syndrome. 6, 7 ARDS can be divided into subphenotypes based on clinical (eg, underlying risk factor), physiological (eg, severity of hypoxemia), radiologic (eg, extension of pulmonary infiltrates), and biological (eg, biomarkers of lung and systemic injury) criteria, or a combination of them. 6 Using a combination of clinical (presence of sepsis and shock), physiological (lower serum levels of bicarbonate), and biological (higher plasma levels of inflammatory biomarkers) criteria, researchers identified a subphenotype of ARDS associated with high mortality as opposed to a subphenotype associated with moderate mortality. 8 At the other end of the spectrum, a subphenotype of ARDS associated with low mortality should exist. The Large Observational Study to Understand the Global Impact of Severe Acute Respiratory Failure (LUNG SAFE) study, 1 a worldwide analysis of the modern epidemiology of ARDS, reported that almost one-sixth of patients meeting criteria of the Berlin definition 9 no longer fulfill these criteria after 24 h. Previous observational studies had shown that application of standardized ventilator settings may improve the measured PaO 2 to FIO 2 ratio (PaO 2 :FIO 2 ) in some patients with ARDS, and therefore these patients may not continue to have PaO 2 :FIO 2 # 300 after 24 h. [10] [11] [12] [13] This subphenotype, which we denote as rapidly improving ARDS (riARDS), has not been well characterized. Also, the rate of enrollment of patients with riARDS into therapeutic trials and whether one can identify them at the time of trial enrollment has not been explored. The present study analyzed the well-phenotyped clinical data from the ARDS Network (ARDSNet) randomized controlled trials, funded by the National Heart, Lung, and Blood Institute (NHLBI), to assess the prevalence, characteristics, and outcomes of riARDS and to identify which variables are useful to predict it.
Patients and Methods

Study Design and Patient Population
We performed a secondary analysis of data from 4,361 patients with ARDS enrolled in the following ARDSNet prospective therapeutic clinical trials: Acute Respiratory Distress Syndrome (ARDS) Clinical Trials Network Low-Tidal-Volume (VT) Trial (ARMA), 14 Assessment of Low Tidal Volume and Elevated End-expiratory Volume to Obviate Lung Injury (ALVEOLI), 15 Fluid and Catheter Treatment Trial (FACTT), 16 Albuterol for the Treatment of Acute Lung Injury (ALTA), 17 Early vs Delayed Enteral Nutrition (EDEN), 18 and Statins for Acutely Injured Lungs from Sepsis (SAILS).
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Subjects from the Omega Nutrition Supplement Trial (OMEGA) 20 were included in this analysis as part of the EDEN trial 18 because patients were enrolled in both studies. Subjects from the Late Steroid Rescue Study (LaSRS) were not considered for the present analysis because they needed to have late-phase ARDS. 21 All patients had to receive positive-pressure mechanical ventilation through an endotracheal tube, had a PaO 2 :FIO 2 # 300, and had bilateral infiltrates on chest radiography that were consistent with pulmonary edema, with no of left atrial hypertension. 22 Additional details on characteristics of the ARDSNet trials [14] [15] [16] [17] [18] [19] are provided in e- Table 1 . We were granted access to data collected in each trial through the Biologic Specimen and Data Repository Information Coordinating Center (BioLINCC) of the NHLBI, 23 following submission of a prospective protocol that is available in the Supplemental Material (e-Protocol, e-Appendix 1). Because the data would be received in de-identified form (non-human subjects research), the Institutional Review Board at Weill Cornell Medicine granted a waiver of the need for informed consent and approved the study (#1702018012).
Definition of riARDS
We defined riARDS by using the following criteria: (1) PaO 2 :FIO 2 > 300 on the first study day following enrollment; and/or (2) achieving unassisted breathing on the first study day following enrollment and remaining free from assisted breathing for at least 48 h. Unassisted breathing was defined as extubated with face mask, nasal prong oxygen, or room air, T-tube breathing, tracheostomy collar breathing, or continuous positive airway pressure of # 5 cm H 2 O without pressure support. All patients not explicitly meeting these criteria on the first study day following enrollment were considered to have ARDS > 1 day, including patients who remained intubated without an available PaO 2 :FIO 2 . A sensitivity analysis was performed after excluding intubated patients without an available PaO 2 :FIO 2 on the first study day. Owing to the potential of PaO 2 :FIO 2 measurements to depend on ventilator settings, [10] [11] [12] [13] a strict definition of riARDS, which was independent of PaO 2 :FIO 2 and was restricted to patients achieving unassisted breathing on the first study day following enrollment, was used in a sensitivity analysis.
Statistical Analysis
Continuous and categorical variables are presented for patients with riARDS vs patients with ARDS > 1 day using medians (interquartile range) and count (percentages) and testing for differences between groups with nonparametric Mann-Whitney U tests and c
The prevalence of riARDS was estimated across time via a study-level least squares linear regression, with time as the independent variable and within-study prevalence of riARDS as the dependent variable. 24 To further assess whether changes in prevalence of riARDS across time could be explained by background ventilator practice or severity of illness, we performed multivariate logistic regression analysis. This analysis had year of study publication as its primary independent variable, and it controlled for study-wide ventilator practice (using median ventilator-free days among patients with ARDS > 1 day), for the number of days from meeting criteria for ARDS to enrollment, and for individual severity of illness (using Acute Physiology and Chronic Health Evaluation III [APACHE III] scores).
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The primary outcome of the present study was 60-day mortality, with patients discharged from the hospital with unassisted breathing prior to 60 days considered to be alive at 60 days. Time to mortality was estimated for riARDS and ARDS > 1 day according to KaplanMeier analysis and compared by using log-rank tests. We further tested the association between riARDS and the primary outcome with a Cox proportional hazards regression, estimating the odds of mortality within 60 days and using riARDS status as the main covariate. The analysis corrected for severity of illness by using the APACHE III score, PaO 2 :FIO 2 at enrollment, and individual trial assignment. Secondary outcomes included the number of days in the first 28 days that a patient was alive and not on a ventilator (ventilator-free days), not in the ICU (ICU-free days), or free of nonpulmonary organ failure (nonpulmonary organ failure-free days). These secondary outcomes have been consistently used in the literature. 4, 5, 19, 25 For each individual trial, both the primary and secondary outcomes were also compared across experimental treatment groups among patients with riARDS and ARDS > 1 day.
We attempted to identify which variables are important to predict riARDS as early as the time of trial enrollment (when patients were ventilated according to a standardized ARDS Clinical Trials Network lower tidal-volume protocol using positive end-expiratory pressure [PEEP]:FIO 2 tables). [17] [18] [19] We randomly divided patients with full clinical data enrolled in the three most recently published ARDSNet trials (ALTA, EDEN, and SAILS) into a training and a validation dataset. Machine learning techniques were then used to analyze a large number of individual variables that were associated with riARDS in the derivation dataset. Random forests were used for the predictive variables based on level of importance for riARDS status, and the top variables were selected for further study. A final set of predictive variables was determined by using insights from the machine learning techniques as well as clinical expertise to optimize sensitivity and negative predictive value. A logistic regression model was then created based on these selected variables to quantify the independent effect of each variable in a parametric model. Multicollinearity of the model was explored by using correlation and variance inflation factors, with a variance inflation factor > 2 considered problematic. We measured accuracy of the logistic model with area under the receiver-operating curve, then dichotomized it at the Youden optimal point and estimated sensitivity, specificity, and negative and positive predicted values, with 95% CIs for each. The logistic model was then used to predict riARDS in the validation dataset, to this point unused. Further details are available in e-Appendix 1, Methods.
All statistical analyses were conducted by using R statistical software version 3.2.3 (R Foundation for Statistical Computing). All P values were two-sided, and statistical significance was considered at an a level of 0.05.
Results
Prevalence of riARDS
Of the 4,361 unique patients enrolled in the randomized controlled trials, [14] [15] [16] [17] [18] [19] 458 (10.5%) no longer met the criteria for ARDS on the first study day following enrollment. The proportion of enrolled subjects classified as riARDS increased over time, from a prevalence of 7.3% in ARMA 14 to 15.2% in SAILS 19 (r 2 ¼ 0.760; P ¼ .024) (Fig 1) . The association between year of study publication and riARDS status remained when accounting for study-wide ventilator practice, number of days from diagnosis of ARDS to trial enrollment, and patient-level APACHE III scores (adjusted OR, 1.08; 95% CI, 1.04-1.13; P ¼ .0003) (e- Table 2 ).
Due to the increasing prevalence of riARDS over time (Fig 1) and to better reflect modern clinical practice, the remainder of our analyses considered only data from the three most recently published ARDSNet trials; namely, ALTA, EDEN, and SAILS (all published after 2010). [17] [18] [19] Of the 1,909 patients in these trials, 197 (10.3%) were extubated on the first study day, and 265 (13.9%) patients in total met our definition of riARDS (Table 1) . 9 
Baseline Characteristics
Baseline data are summarized in 
Outcomes
The probability of mortality was significantly lower in patients with riARDS compared with ARDS > 1 day (P < .0001 according to the log-rank test [Kaplan-Meier plot displayed in Fig 2 and e-Fig 1] ). Mortality at 60 days was lower in patients with riARDS than in those with ARDS > 1 day (27 of Table 2 ). Total number of ventilator-free, ICU-free, and nonpulmonary organ failure-free days was greater in the riARDS group compared with the ARDS > 1 day group (P < .0001 for each comparison).
In each individual trial, [17] [18] [19] classification as riARDS compared with ARDS > 1 day was associated with lower mortality (e- Table 4 ). This association between riARDS and mortality persisted even after correction for severity of illness, PaO 2 :FIO 2 at enrollment, and individual trial assignment (e- Table 5 ). Consistently, in each individual trial, patients with riARDS had more ventilator-free, ICU-free, and nonpulmonary organ failure-free days compared with those with ARDS > 1 day (P < .01 for each comparison). In each trial, [14] [15] [16] [17] [18] [19] the estimate of treatment effect was similar among patients with riARDS and patients with ARDS > 1 day (e- Table 6 ).
Sensitivity Analyses
The results of the sensitivity analyses were consistent with those of the main analysis (e- Tables 7, 8 ).
Prediction of riARDS at Enrollment
A predictive logistic regression model was built for riARDS by using machine learning techniques. The logistic regression model included PaO 2 :FIO 2 at screening, change in PaO 2 :FIO 2 from screening to enrollment, use of vasopressor agents, FIO 2 at enrollment, and serum bilirubin levels. No multicollinearity among predictors was found (all variance inflation factors were < 1.5). The overall area under the receiver-operating curve of the model for predicting riARDS was 0.82 (95% CI, 0.78-0.85) in the (Table 3) .
Discussion
This secondary analysis of patient-level data from the ARDSNet trials suggests that not only is riARDS common but also that its prevalence has increased over time. It had distinct characteristics and was strongly and consistently associated with better outcomes compared with ARDS > 1 day, with differences in mortality and nonpulmonary organ failure-free days. PaO 2 :FIO 2 at screening, change in PaO 2 :FIO 2 from screening to enrollment, usage of vasopressor agents, FIO 2 at enrollment, and serum bilirubin levels were useful variables for prediction of riARDS.
We found that riARDS was common. When estimating its prevalence, one should keep in mind that, given the lack of a gold standard, ARDS is a challenging diagnosis to make. 7 One could therefore support that patients with riARDS had an alternate noninflammatory cause of hypoxemia and bilateral opacities (eg, atelectasis, cardiogenic pulmonary edema) that could be easily reversed. [26] [27] [28] [29] This theory would explain both their rapid recovery and better overall outcomes (Fig 2, Table 2 ). However, all patients included in this secondary analysis met the consensus definition criteria of ARDS and were enrolled in high-quality, randomized controlled therapeutic trials. [17] [18] [19] Our finding that the prevalence of riARDS increased over time is intriguing. One could wonder whether this finding is due to differences in exclusion criteria of ARDSNet trials. [14] [15] [16] [17] [18] [19] For example, although in the ARMA and ALVEOLI trials 14, 15 patients were excluded if clinicians-investigators were unwilling to use volume assist control for at least 12 h, this exclusion criterion was dropped in later trials, [16] [17] [18] [19] and any mode of ventilation (including pressure support) was allowed. One could also attribute the temporal trends in prevalence of riARDS to the fact that optimal ICU practices, based in part on earlier ARDSNet studies, 14, 16 were more likely applied in more recent than earlier trials. For example, lung protective ventilation and conservative fluid strategies, as well as sedation cessation policies and spontaneous breathing trials, may currently be more prevalent than previously, a fact that may help prevent ventilator-induced lung injury and decrease duration of mechanical ventilation. 3, 16, 30 There has also Data are presented as No. (%) or median (interquartile range). Patients discharged from the hospital with unassisted breathing before 60 days were considered to be alive at 60 days. Ventilator-free days, ICU-free days, and nonpulmonary organ failure-free days were calculated by the number of days in the first 28 days that a patient was alive and not on a ventilator, not in the ICU, or free of nonpulmonary organ failure, respectively. The area under the receiver-operating curve of the model for predicting rapidly improving ARDS was 0.82 (95% CI, 0.78-0.85) (negative predictive value, 97%; positive predictive value, 29%; specificity, 69%; sensitivity, 85%) in the derivation dataset and 0.76 (95% CI, 0.69-0.83) (negative predictive value, 93%; positive predictive value, 26%; specificity, 70%; sensitivity, 68%) in the validation dataset. a Reported as per 10 point difference.
chestjournal.org been an increase in full-time intensivist staffing over time, which may have allowed for earlier extubation. 31 However, increase in prevalence of riARDS over time remained even after adjustment for study ventilator practice (e- Table 2 ). Taken together, the increase in the prevalence of riARDS might be explained by differences in exclusion criteria of ARDSNet trials and by progress in supportive care of patients with ARDS.
Patients with riARDS had different baseline characteristics compared with those with ARDS > 1 day. Patients with riARDS had higher PaO 2 :FIO 2 at screening than those with ARDS > 1 day ( Patients with riARDS had consistently better outcomes than those with ARDS > 1 day (although the 10.2% mortality of the riARDS group should not be considered inconsequential), regardless of treatment assignment. The estimate of treatment effect was similar among patients with riARDS and patients with ARDS > 1 day in each trial. [14] [15] [16] [17] [18] [19] Taken together, these findings suggest that the prognostic enrichment (which refers to enrollment of individuals who are more likely to experience the outcome of interest) rather than the predictive enrichment (which refers to enrollment of individuals who are more likely to respond to a given treatment) of trials might have been negatively affected by the enrollment of patients with riARDS. 6, 7, 32, 33 As shown in a recent study of vasopressin in septic shock, 34 it is important to remember that prognostic and predictive enrichment do not always go in the same direction; that is, a lower likelihood of dying does not necessarily mean a lower likelihood of responding to a treatment. 35 The predictive logistic regression model identifying clinical factors (that may possibly allow for prospective identification of riARDS) along with the prespecification of the statistical analysis plan may be considered among the strengths of the present study. This study also identifies individuals with riARDS across a 20-year horizon, offers the possibility of earlier identification (if validated prospectively), and has implications for the design and interpretation of future clinical trials.
The present study has limitations. First, it is a post hoc secondary analysis. However, we designed the statistical plan prospectively in our study protocol, which was given to BioLINCC (See e-Protocol in Supplemental Material online). Post hoc secondary analyses provide useful insights to better design trials of ARDS. 36,37 Second, we assumed that patients discharged from the hospital with unassisted breathing before 60 days were alive at 60 days. However, given the magnitude of difference between riARDS and ARDS > 1 day in terms of all outcomes examined ( data on PaO 2 :FIO 2 were missing in one-sixth of intubated patients on the first study day following trial enrollment. However, a sensitivity analysis was performed after excluding those patients, and we found similar results with our main analysis (e- Table 8 ). Finally, as it is well documented in the literature, there is a difference between patients enrolled in randomized controlled trials and those whom clinicians are obliged to treat. 39 All patients included in our analysis had been enrolled in randomized controlled trials, which had strict exclusion criteria, [14] [15] [16] [17] [18] [19] and may not be generalizable to all patients with ARDS. For example, in all ARDSNet trials, patients with advanced liver disease were excluded, and it is unclear how our predictive model (which considers serum bilirubin levels) would perform in patients with ARDS viewed in clinical practice. Similarly, our findings might not apply to individuals with chronic heart failure or lung disease, who represent an important percentage of patients with ARDS. 1, 40, 41 Individuals enrolled in randomized controlled trials tend to have fewer comorbidities and accordingly lower mortality than those included in observational studies or seen in everyday clinical practice.
Conclusions
By using data from the large ARDSNet clinical trial population, this analysis showed that riARDS, mostly defined according to early extubation, is an increasingly prevalent and distinct subphenotype, associated with better outcomes than ARDS > 1 day. Enrollment of patients with riARDS may negatively affect the prognostic enrichment and contribute to the failure of therapeutic trials.
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